The population genetics of the understory tropical rain forest palm Astrocaryum mexicanum were studied in Los Tuxtias, Veracruz, Mexico, using enzyme electrophoresis. The percentage of polymorphic loci was 31.8 and the mean expected heterozygosity was 0.153. Segregation patterns for five polymorphic loci met Mendelian expectations. Outcrossing rates were estimated using single and multilocus methods, and in most cases were not statistically different from 1.0. An excess of heterozygotes, both for seeds and adults, was found, as shown by the fixation indices estimated in 1987 (mean F for adults = -0.41, mean F for seeds = -0.19). Low but significant levels of genetic differentiation were found, especially for adults (mean for adults = 0.040, mean for seeds 0.009). There was a positive relationship for adults between trunk growth and an individual's heterozygosity. No significant correlation was found between heterozygosity and fecundity. The genetic structure of A. mexicanum appears to be the result of a balance between cross-pollination and long distance movement of pollen by pollinators (beetles) that reduce genetic differentiation among plots, and natural selection that could operate during the long life cycle of this palm, and may increase the genetic differentiation among sites and the proportion of heterozygotes.
Introduction
Knowledge about the genetic structure of tropical tree populations can help to explain the evolution of high diversity in the tropics and to design adequate forest conservation and management strategies. Several authors have hypothesized that the high diversity of tropical tree species is a product of non-adaptive speciation resulting from inbreeding and genetic drift (Corner, 1954; Baker, 1959; Federov, 1966; van Steenis, 1969) . This inbreeding and genetic drift could 
217
be the result of low densities of conspecifics and was based on the assumption that most of the tree species were mainly self-pollinated. This 'non-adaptive' hypothesis assumes that the genetic structure of tropical trees is characterized by high inbreeding (high fixation indices), low effective population sizes and high spatial genetic differentiation, as measured by genetic distance or Wright's F,. An alternative hypothesis, the 'microniches/equilibrium', originally proposed by Dobzhansky (1950) , contends that the tropical tree diversity results from adaptation of tree populations to very specific niches defined by both biotic and abiotic components (pollinators, seed dispersors, soil, light, succession, seed predators, etc.) (Janzen, 1970; Connell, 1978; Hubbell, 1979; Denslow, 1987; Bawa, 1990) . This hypothesis requires low inbreeding and high effective population sizes.
The genetic structure of tree populations imposes constraints on management and conservation strategies. If tropical trees usually occur in small, inbred populations, as the non-adaptive hypothesis predicts, then a species could be preserved with few individuals from each population but collection from many different populations and ex situ preservation could be practical and feasible (Frankel & Soulé, 1981; Eguiarte & Piñero, 1990) . Conversely, if tropical trees present high effective population sizes and low inbreeding (as the microniches hypothesis suggests), then the deleterious effects of maintaining low populations should be severe both in the short term, because of the inbreeding depression, and long term, because of genetic drift (Franklin, 1980; Eguiarte & Piñero, 1990) . If this last case is true, viable conservation proposals should contemplate the maintenance of large ecological preserves, and ex situ conservation becomes impossible (Frankel & Soulé, 1981; Eguiarte & Piñero, 1990) .
Population genetics information for tropical tree species is scarce and fragmentary. Some studies report data on levels of genetic variation (Gan et a!., 1977, 1981; Hamrick & Loveless, 1986) , while others analyse the genetic structure (Buckley et a!., 1988; Hamrick & Loveless, 1989) , or the mating system (O'Malley & Bawa, 1987; O'Malley et al., 1988; Harnrick & Loveless, 1989) .
The population ecology and reproductive biology of the monoecious understory tropical palm Astrocayum mexicanum are relatively well known (Piñero et a!., 1984 (Piñero et a!., , 1986 Sarukhán et a!., 1984; BiIrquez et a!., 1987) . Here we present a comprehensive study of its genetic variation, outcrossing rates, genetic structure and heterosis using allozyme marker genes. We compare these parameters with data from other tropical tree populations and argue that available data does not provide support for the non-adaptive evolution scenario for tropical tree diversity.
Materials and methods

Study site
Field work was conducted at the Estación de Biologla Tropical Los Tuxtias, of the National University of In A. mexicanum, the adult plants present from 0 to 5 infructescences in a given year, each containing a mean of 23 fruits, every fruit containing only one seed (Bürquez etal., 1987) .
Twenty seeds from a single infructescence were collected for electrophoresis from each palm reproducing in a given year inside four permanent plots (20 x 30 m) of contrasting densities of A. mexicanum in a virgin rain forest [A and B plots are high density and C and CC are low density plots, Table 1 ( Piñero et al., 1977 Piñero et al., , 1984 Ramos et al. unpubl., data) were available for roughly one-third of the adults from which seeds were collected (90 adults for inflorescences, 87 for growth). Collected seeds were kept alive by maintaining them in humid soil from Los Tuxtias or in humid agrolite until used. (Brown & Weir, 1983; Hedrick, 1983) . Single and multiocus outcrossing rate (t) estimates, their standard errors and maternal genotypes were estimated with Ritland & Jam's (1981) mixed mating model method, using Ritland's (1990) MLT program. Violations of the mixed mating model were analysed using Ritland's (1983) approach. Allelic frequencies for both adults and seeds, Nei (1972) multilocus genetic identities (I) and distances (D) between all pairs of plots, fixation indices and the Wright's F-statistics (Wright, 1965) were obtained with Nei's (1987) formulas using a program developed by Gerardo Coello and Ana Maria Escalante. Confidence intervals at 95 per cent for the Fstatistics were calculated by a jackknife procedure (Weir, 1990 ).
Parametric and non-parametric regressions were performed (Sokal & Rohlf, 1969) 1975, using the number of heterozygous loci per individual as the independent variable. As growth and fecundity may be correlated with size, ANOVA were done with the residuals of the regression of growth against height in 1975, and with the residuals of the regression between fecundity against initial height in 1975, in both cases using the number of heterozygous loci as classificatory variable.
Results
Levels of genetic variation
Four of the 11 assayed enzymes were monomorphic (ACPH, and XDH with two 'loci' each, and IDH and SDH with one 'locus' each) and seven were polymorphic for at least one 'locus' (Table 2) . We analysed 22 putative loci of which seven were polymorphic. We found two alleles for all but one of the polymorphic loci, Lap-2, for which we found three alleles. At Los Tuxtlas, A. mexicanum has 31.8% polymorphic loci (P), 1.36 and 2.14 effective alleles considering all loci and only the polymorphic ones respectively, and a mean expected heterozygosity (H) of 0.153 (Hedrick, 1983) .
Controlled crosses
For the five loci analysed most of the crosses showed a Mendelian segregation pattern (due to the small family sizes, all the crosses for each class were pooled, Table   3 ), with the exception of the crosses among heterozygotes for Pgi-1, where there appears to be an excess of heterozygotes (x 7.47, P <0.05).
Mating system Both single and multiocus estimates of outcrossing rate, when considered for different plots and different years, were close to one (Table 4 ). The mean single locus estimate for all enzymes and plots in 1987 was 1.030, and for plot B the average over 3 years was 1.098. The multilocus outcrossing rates varied less with a mean of 1.011 for the 1987 data and 0.997 for plot B over 3 years. All multilocus estimates except one (plot CC, Md/i-i; Table 4) were not significantly different from one. In 48% of the cases we found departures from the mixed mating model, using Ritland's (1983) Chi-square method (Table 5 ). These departures have little effect on the estimates when using multilocus methods to obtain the outcrossing rate (Ritland, 1983; Brown eta!., 1985) . Table 2 Genetic variation in A. mexicanum at Los Tuxtias, Veracruz, Mexico, in 1987. Buffers in which enzymes were assayed were Poulik (P) and histidine (H) (Piñero & Eguiarte, 1988) Enzyme ( 0.500, 0.500 Table 3 Segregation patterns for five loci in A. mexicanum at Los Tuxtlas, Veracruz, Mexico. Expectations assuming Mendelian proportions are shown in parentheses. Chi-squares were done with Yates continuity correction for small samples (Sokal & Rohlf, 1969) Locus Cross 
Genetic differentiation
Difference between plots for allelic frequencies were relatively small for reproductive adults and even smaller for seeds (Table 6 ). Workman & Niswander (1970) chi-square heterogeneity in variances test suggests that in adults the differences in allelic frequencies, although small, were significant for all loci except Pgi-1 (Table 6 ). For seeds we found significant heterogeneity in allelic frequencies only for Md/i-i, where allele 1 had higher frequencies in both low density plots (C and CC) ( Table 7) . This indicates that the pollen allelic pool was different from the adult local allelic frequencies and indicates extensive pollen movement. Genetic identities in 1987 for pairs of plots for the five selected loci were high in reproductive adults Table 5 Chi-square for deviations from the expected values according to the mixed mating model (Ritland, 1983) , for A. mexicanum. Degrees of freedom in parentheses; as they are approximate, we used an a of 0.01, as suggested by Ritland (1983) is significantly negative for all loci both in adults and seeds (Table 10) , as was expected from the fixation indices.
estimates are small but significantly different from zero for all loci (except Pgi-1 for adults) in both adults and seeds (Table 10) . F,1 is significantly higher in the adults than in the seeds (Table 10 ). F1
estimates are significantly negative in all cases, except in Mdh-1 for seeds (Table 10 ).
Heterosis Table 11 shows a correlation matrix of the infructescences produced in 13 years (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) , trunk Table 6 Allelic frequencies for adults of A. mexicanum and Chi-square tests for heterogeneity in allelic frequencies among plots (Workman & Niswander, 1970) . 95% confidence intervals are shown in parentheses (Brown & Weir, 1983; Richardson eta!., 1986) Locus 
Discussion
Given the high phenotypic variability described in the Los Tuxtlas A. mexicanum population (Sarukhán et al., 1984) , and the fact that most plants, especially trees, show high levels of genetic variation (Hamrick et al., 1979; Hamrick & Godt, 1989) Table 8 Unbiased genetic distances (above the diagonal) and identities (below the diagonal) for adults and seeds (Nei, 1972 (Nei, , 1987 In about half of the cases we found deviations from the expectations of the mixed mating model. Similar deviations have been reported in most studies (Smyth & Hamrick, 1984; O'Malley & Bawa, 1987; Sampson et al., 1989) and are not surprising given the constraints of the mixed mating model (Brown et aL, 1985) . In A. mexicanum there are five possible causes for departure from the expectations of the mixed mating model.
1
Allelic frequencies in the pollen may be biased because of a non-random sample of pollen donors.
This may be important in A. mexicanum, considering that in a given year only a fraction (about 31%) of the total of reproductive adults produce flowers (Piñero & Sarukhán, 1982) .
2 Matings may be correlated in the sense of Schoen & Clegg (1984 ; the pollen donors of an infructescence may be few with respect to the total set of potential fathers. Correlated mating may also occur in A. mexicanum because of the relatively low number of individuals that flower in a given day (Bürquez et a!., 1987). 3 Segregation distortion may occur at certain loci.
We cannot rule out this probability because the sample size in the controlled crosses was low (Ellstrand & Devlin, 1989) . Table 9 Fixation indices for adults and seeds in A. mexicanum. 95% confidence intervals shown in parentheses (Rasmussen, 1964; Weir, 1990 <0.05, chi-square test (Li & Horvitz, 1953) . tEqual in adults and seeds ( = ), or smaller in the adults than in the seeds ( <), according to the 95% confidence intervals.
4 Negative assortative mating may occur (Brown et a!., 1985) .
5 Selection may favour heterozygote genotypes prior to the time of sampling (Brown et al., 1985) .
The last two processes are the only ones that can produce the observed excess of heterozygotes in the progeny and hence we consider them to be the more important ones.
Negative fixation indices and negative were unexpected, especially for the seeds. We expected low but positive values for both, as we suspected some selfing and inbreeding because of poor seed dispersal (usually less than 3 m L. E. Eguiarte et a!. unpublished observations). A high outcrossing rate and long distance pollen dispersal can produce low fixation indices but not negative fixation indices, even if the parents present very negative fixation indices. Only if pollen moves long distances and seeds very little can a slight local excess of heterozygotes be generated (Prout, 1981) ; pollen and seed dispersal in A. mexicanum (L. E. Eguiarte et al. unpublished observations) seem to conform to this pattern. Negative fixation indices can also be generated by negative ass ortative mating (Hedrick, 1983) but we have no data on this process. We suggest, however, that the most important cause of the negative fixation indices is selection in favour of the more heterozygous individuals (Linhart et a!., 1981; Waser, 1987) . This hypothesis is supported by the increase in heterozygosity from seed to adults and the positive correlations between growth and heterozygosity for adults. Negative fixation indices have also been described for other plants, mainly long lived perennials (Linhart et a!., 1981; Smyth & Hamrick, 1984; Shea, 1987; Sampson et al., 1989) and in some animal populations (Schwartz & Armitage, 1980) .
The observed increase in heterozygote frequencies from seeds to adults could be generated by increased survivorship of the more heterozygous individuals. Similar increases have been reported in other tree Table 10 Wright's F statistics (Wright, 1965; Nei, 1987) for A. mexicanum in 1987, for adults and seeds. 95% confidence intervals for the means in parentheses (Weir, 1990) Locus F8 F1 * <0.05, chi-square test, for F1 and F1 according to Li & Horvitz (1953) , for according to Workman & Niswander (1970) . tEqual in adults and seeds ( = ) or larger in the adults than in the seeds (> ), according to the 95% confidence intervals.
species (Phillips & Brown, 1977; El-Kassaby et a!., 1987; O'Malley & Bawa, 1987; Shea, 1987; O'Malley eta!., 1988; Sampson eta!., 1989) .
Low genetic differentiation among Los Tuxtias A. mexicanum plots could be expected because of the relatively short distance between them. Allelic frequency differences, genetic distances among different plots and were relatively small but significant. We also found significantly more differentiation in adults than in seeds. For instance there were significant differences in allelic frequencies in adults for most loci, but only for one locus for seeds. The increase in differentiation in adults may be due to adaptation to local conditions, and this differentiation is lowered in seeds because of the extensive pollen movement. It also means that the pollen gene pool is different from the local adult allelic frequencies. Piñero & Sarukhán (1982) and Sarukhán et a!.
(1984) demonstrated significant variation in growth and reproduction for A. mexicanum that could not be predicted from the ecological characteristics of their growing sites. We hypothesized that some of this variation could be explained by differences in heterozygosity among individuals. Accordingly, we found a positive relationship of individual heterozygosity with growth rate but not with fecundity. The relationship between growth and heterozygosity is weak. This may be expected given that the sampled loci are only a small part of the total genome and that growth is also affected by several ecological conditions such as available sunlight, soil and competition (Sarukhán et a!., 1984) . The lack of correlation between fecundity and individual heterozygosity may be due to a greater effect of the environment on fecundity than on growth (Piñero & Sarukhán, 1982) . A palm of a given genotype may grow at a more or less constant rate, using available surplus resources in reproduction. A similar pattern of positive correlations between heterozygosity Table 11 Correlationmatrix between number of heterozygous enzymes per individual (heterozygosity), the number of infructescences produced in 13 years, the increase in height of the trunk in 7 years (growth) with growth and lack of correlation with fecundity is found in many other perennial species (Mitton & Grant, 1980 Ledig et a!., 1983; Strauss, 1986; Govindaraju & Dancik, 1987; Shea, 1987) . Higher growth rate may be correlated with general vigour in a given individual [thus more heterozygous individuals have lower mortality rates (Mitton & Grant, 1984) 1, which explains the observed increase in heterozygous frequency from seeds to adults. In addition, rapid growth decreases the probability of death before reproduction by a falling branch or tree, one of the most important causes of death of A. mexicanum palms (MartInez-Ramos eta!., 1988).
Population genetics of trees Most studies indicate high genetic variation in tropical tree populations (Gan et a!., 1977 (Gan et a!., , 1981 Hamrick & Loveless, 1986) . Genetic variation levels in Astrocaryum mexicanum are similar to the average for tropical trees. The genetic estimates of outcrossing rates described for tropical trees (O'Malley & Bawa, 1987; Moran et a!., 1989) , are high, as in our estimate for A. mexicanum. Fixation indices of tropical trees are either low or negative suggesting little inbreeding (Sytsma & Schaal, 1985; Malley & Bawa, 1987; . Our results on both genetic identities and confirm the pattern of little spatial differentiation among plots that have been documented for several tropical species (Heywood & Fleming, 1986; Buckley et al., 1988; Hamrick & Loveless, 1989; Moran eta!., 1989) .
Apparently, tropical trees behave similarly to other trees, both angiosperms and gymnosperms. Most tree populations exhibit high levels of genetic variation (Hamrick et a!., 1979; Hamrick & Godt, 1989) , high outcrossing rates (Schemske & Lande, 1985; Brown et a!., 1985) , low fixation indices (Brown 1979; Eguiarte, 1990 ) and low genetic differentiation between sites (Loveless & Hamrick, 1984) .
Tropical tree species diversity
This study, along with data from other papers in the literature, indicates that tropical tree populations do not present any of the characteristics assumed by the non-adaptive hypothesis of tropical tree diversity (Corner, 1954; Baker, 1959; Federov, 1966; van Steenis, 1969) . Rather they exhibit exactly the opposite. Astrocaryum mexicanum has an effective population size of at least 400 individuals and probably much larger (L. E. Eguiarte et a!., unpublished observations). Data on genetic differentiation of other tropical trees (G) also suggest very large effective population sizes and/or extensive gene flow (Hamrick & Loveless, 1989) . These large population sizes, coupled with more or less constant environments, would permit natural selection to be very effective and allow very fine ecological adaptation, as predicted by the microniches/equilibrium hypothesis of Dobzhansky (1950) . However, the actual process of speciation in tropical trees remains to be explained.
Implications for conservation
The low densities usually present in tropical tree species indicate different conservation strategies from other organisms with similar population genetics (e.g. conifers). We suggest the following guidelines for the genetic conservation of tropical trees. (a) Given the high genetic variation and low or negative fixation indices, we predict that inbreeding depression should be important in tropical trees populations.
Selfing, inbreeding and small population numbers should be avoided in management strategies.
(b) Ecological preserves should be very large to maintain the high intrapopulation genetic variation and to avoid inbreeding and genetic drift.
(c) The low genetic differentiation between different sites shown by most tropical tree species suggests that for most species it will not be necessary to have a large number of natural preserves. However, smaller areas that can function as corridors and stepping-stones which may allow gene flow among sites, should also be preserved.
(d) Ex situ conservation strategies, based on seed and germplasm collection and preservation in gene banks, botanical gardens, etc., seem to be of little practical value for the conservation of the genetic diversity of tropical forest trees, given the high numbers of seed and parents needed to be collected to preserve at least part of the genetic variation present in a population (Brown & Clegg, 1983) , the high number of different species, and the problems in preserving, maintaining the viability and germinating tropical rain forest trees seeds (see Vázquez-Yanez & Toledo, 1990) . Only in situ conservation strategies seem to be of any real value for the conservation of tropical trees.
